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In rapidly growing shoots, auxin is a limiting factor for cell elongation and, therefore, various hypotheses have been presented based on the photooxidation of indoleacetic acid or active auxin sites. In vitro, /-carotene is not a strong photosensitizing agent. On the other hand, riboflavin is a very strong photosensitizer. These considerations led Galston and Baker (7) to study the photoinactivation of indoleacetic acid in pea-epicotyl breis. The spectral sensitivity of the inactivation had a broad peak at 440 mMu, with a sharp rise beginning in the near-ultraviolet. Because of instrumental difficulties, they were unable to extend the observations below 400 mu. On the basis of these and other results, they proposed the possibility that a flavoprotein might be the photoreceptor system.
The principal criticism of any conclusions which are based upon the use of cellular macerates is that the structural organization of the cell is destroyed and pigments and substrates which might otherwise not be associated with one another may be brought together in close proximity and carry out completely abnormal reactions. This variable behavior of a photosensitizing pigment has been amply demonstrated in the case of the so-called "photodynamic action" of chlorophyll. Chlorophyll is well known for its role as the photoreceptor pigment in carrying out photosynthesis in the intact chloroplast. However, chlorophyll from tissue breis, in the presence of oxidizable substrates and oxygen, behaves as any other fluorescent pigment in accelerating substrate oxidation. The classic example is the 'hemolysis of the red blood cell (1 elongation of the first internode and then transferred to a dark cabinet for 17 to 22 hours. Fifteen seedlings were rigorously selected over the safelight for uniform straightness and length of 20 ± 2 mm, and the tubes secured in wooden holders with rubber bands. Each holder contained five tubes for the blue irradiated controls and 10 for the monochromatic irradiation. The seedlings were mounted 13 mm apart at an average distance of 150 cm from the exit slit. The growing room, including the treatment cabinets, was maintained at 25.0 ± 0.50 C and 90 ± 5 % relative humidity.
PROCEDURE: The upper 5 mm of the 10 coleoptiles were irradiated for a constant exposure time of 30 seconds to the monochromatic energy variables. The upper 5 mm of the controls were exposed for one minute to the standard blue source which produced an average curvature of 25.0 ± 1.60. The holders were irradiated at an angle of 450 to the respective incident beams (fig 1) . This procedure introducedl an irradiance variation for the seedlings at both ends of about ± 10 % from the axial or mean value. Since the variation was the same in each experiment and the values were averaged, this factor was neglected in the calculations. After irradiation, the holders were rotated an additional 90°, placed in the adjacent cabinet, and shadowgraphed. This procedure made it possible to obtain shadowgraphs of the curvatures at right angles to the coleoptile bending plane without having to rotate the seedlings individually in the holder. Ninety minutes after the first exposure, a second shadowgraph was made on the same film. The angles of curvature were measured from the pair of shadowgraphs with a grid marked to the nearest degree. The curvatures given in figure 2 should be multiplied by cos 450 to obtain actual curvatures.
Since this factor does not alter the slopes of the response-log energy curves or the relative values of the action spectra, it was not carried through the calcuilations.
ANALYSIS OF DATA: The responsivity was determined from 350 to 520 miM at 10 mu intervals. In figure 2 were drawn for only 9 of the 23 wavelength stations. The logarithmic scale of the abscissa is shifted one unit to the right for each wavelength to avoid superposition.
The action spectrum was plotted as the reciprocal of the moles of incident quanta, n', required at each wavelength to produce a given response. [Compare with quantum responsivity (10) .] The action spectrum was calculated from the incident energy El in nano-joules/cm2 and the wavelength X in m,u by the conversion factor:
Quantum activity = xE1 (cm2/nano-einstein) (1) 
RESULTS
The action spectra obtained for 0, 5, 10 and 20°r esponses are given in figure 3 . Maxima occur in the visible between 410 to 415, 440 to 445, and 470 to 475 mu. A near-ultraviolet peak occurs at 370 to 375 m,u and is more evident the larger the response. The variable magnitude indicates some sort of interaction between two pigment systems. Separation cannot easily be made of the activity of the two pigment systems, flavin or carotenoid, based on the presence or absence of a near-ultraviolet peak. It also was observed that the slopes of the response-log energy curves (fig 2) are a function of wavelength and not a constant value as reported previously for phototropism in Avena (6) . It is this change in slope with wavelength which is responsible for the variable height of the near-ultraviolet maximum.
DISCUSSION
Phototropic curvature, caused by a unilateral stimulus of radiant energy, is the result of a difference in effect on the two sides of the coleoptile. This difference is produced by the attenuation of the incident energy in its transmittance through the coleoptile. The attenuation is due to three factors: 1) selfscreening by the photoreceptor, As, 2) neutral scattering, AN, and 3) foreign screening by inert pigments, AF. These factors can be grouped as the total absorbance of the coleoptile, AT, where AT = As + AN + AF. Absorption then produces a photoproduct, which indirectly controls cell elongation. The total amount of photoproduct depends upon the incident energy, Ei, and the absorption coefficient of the photoreceptor, p. Thus the magnitude of the difference in growth effect on each side (the response) is a function of three factors, the attenuation, the absorption coefficient of the photoreceptor, and the incident energy. This is the case, regardless of the secondary mechanism which actually regulates cell elongation, whether it is auxin redistribution, auxin inactivation or the destruction of an enzymatic locus necessary for auxin-regulated cell growth.
From the above considerations, a general equation describing the response can be written.
9=kAT (log Ei+logp8) ( 2) The response is proportional to the total amount of photoproduct formed and the attenuation of the energy across the tissue.
To obtain the photoreceptor absorption spectrum, the attenuation factor must be excluded. From equation 2, simply set 0 =0 to get =i A (3) which is the defined action spectrum. Thus the action spectrum obtained for the threshold response will correspond to the photoreceptor absorption spectrum. The action spectra plotted from the energies required for larger responses are a mixture of effects due both to the multiplier AT and absorption coefficient /8. The best procedure, theoretically, would be to measure the response over the range of the first and second positive curvatures and plot log 0 instead of 9 versus log Ei. Then for each wavelength a curve would be obtained which would be congruent with the curve obtained for every other wavelength. The attenuation factor could be precisely determined from the shift along the ordinate and the action spectrum from the shift along the abscissa. This was attempted with the present data, but it was impossible in practice to separate the two factors. Extending the measurements over the first and second positive curvatures would insure characteristic inflection points for precise comparison.
A plot of the slopes of the response-log energy curves is given in figure 4 . The definite near-ultraviolet peak suggests that the curvatures produced in this region were primarily due to an increase in the attenuation. The maxima in the visible are the same as those shown in the action spectra and are pre- irregularly shaped areas which fluoresce blue. These were observed visually in the section 0.5 to 1.0 mm below the tip with a long focal-length microscope. Attempts have been made to measure the magnitude of this fluorescence and how it is a function of the incident energy. Experimental difficulties of obtaining sufficient sensitivity while at the same time screening out all of the incident blue energy have prevented precise measurements. One of the degradation products of riboflavin, lumichrome, has a nearultraviolet absorption peak and fluoresces in the blue. Galston and Baker (7) added lumichrome to sections of pea epicotyl for straight growth measurements, but could find no significant effects in the light. However, to obtain a 10°curvature, a difference in length of the two sides of the coleoptile of only 2.0 to 4.0 % is needed. Differences of this order of magnitude would not have been detected in the straight growth type of experiment. The three photoreceptor maxima obtained from the threshold action spectrum in the visible tend to disprove Biinning's (2, 3, 4) hypothesis of a screening mechanism in which a flavin is the photoreceptor. If the flavin were the photoreceptor, the threshold curve would have had a smooth single maximum. Further evidence against the active participation of a flavin is the recent work of Mer (9) in which he could find no evidence which conclusively supports the in vivo photoinactivation of auxin by a flavin.
Recently, Crane and Beinert (5) described an electron transferring flavoprotein (ETF) which has three maxima in the blue at 410, 438 and 460 m,u and a single broad peak about 370 m,u. Two of the blue maxima are apparently due to the protein moeity, since the absorption spectrum of the flavin released from ETF by acid hydrolysis has a characteristic smooth single maximum in the blue. It was tempting at first to consider this as the photoreceptor on the basis of the action spectra for responses larger than 50. However, the threshold curve again, with the absence of the near-ultraviolet peak, eliminates ETF as the probable phototropic receptor.
SUMMARY
Detailed action spectra of the first positive tipcurvature of Avena have been determined for 10 
